We describe a frequency-stabilized diode laser at 698 nm used for high-resolution spectroscopy of the 1 S 0 -3 P 0 strontium clock transition. For the laser stabilization we use state-of-the-art symmetrically suspended optical cavities optimized for very low thermal noise at room temperature. Two-stage frequency stabilization to high-finesse optical cavities results in measured laser frequency noise about a factor of three above the cavity thermal noise between 2 Hz and 11 Hz. With this system, we demonstrate high-resolution remote spectroscopy on the 88 Sr clock transition by transferring the laser output over a phase noisecompensated 200-m-long fiber link between two separated laboratories. Our dedicated fiber link ensures a transfer of the optical carrier with frequency stability of 7 × 10 −18 after 100 s integration time, which could enable the observation of the strontium clock transition with an atomic Q of 10 14 . Furthermore, with an eye toward the development of transportable optical clocks, we investigate how the complete laser system (laser + optics + cavity) can be influenced by environmental disturbances in terms of both short-and long-term frequency stability.
Introduction
Optical frequency standards based on strontium atoms have demonstrated tremendous advantages in terms of short-term stability (approaching 10 −15 at 1 s [1] [2] [3] ) and ultimate accuracy (approaching 10 −17 level [4] ) with respect to the microwave atomic counterparts. This improved level of precision enables new and more stringent tests of fundamental physics [5] , and many new applications including improved timing for space travel and accelerator centers, as well as perhaps a new type of relativity-based geodesy [6] . Bosonic 88 Sr-based optical clocks have demonstrated good features for compact and possibly transportable devices: easily accessible transitions for diode-based lasers for cooling and trapping the atoms, high natural abundance for high signalto-noise ratio spectroscopy signals, low dead time for high duty cycles and a simplified spectroscopy scheme [7] .
Presently, the optical local oscillator is the limiting factor for the strontium optical clock stability [2] via the Dick effect [8, 9] . Thus, improving the frequency pre-stabilization of these oscillators is a source of intense research in an effort to approach and surpass the 10 −17 stability goal.
Rigid optical cavities are the most common devices used as short-term frequency references for optical standards. The employment of ultra-low thermal expansion materials as spacers between the cavity mirrors and the increasing level of engineering in their shape design have allowed several optical cavities to reach a stability level σ y 6 × 10 −16 [10, 11] at 1 s. This instability level is limited by thermal fluctuations of the mirror substrates and coatings [12] . Although some theoretical ideas have been proposed to reduce or circumvent the thermal noise [13, 14] , it currently sets the ultimate limit for cavity frequency-stabilization techniques. Nevertheless environmental (acoustic, seismic, etc.) disturbances, poor spectral purity of the free running laser source, Fig. 1 Experimental setup for the 698 nm clock laser frequency stabilization and characterization. Block (a): master diode laser with two-stage frequency stabilization; (b): second independently-stabilized ultra-high-finesse cavity and beat note interferometer to make laser characterization studies; (c) noise-compensated fiber link which deliver interrogation laser to the atoms. UHF: ultra-high finesse; AOM i : acousto-optic modulators; EOM i : electro-optic modulators; SMF: single-mode optical fiber; PNC: phase noise cancellation system and thermal drifts can limit the optical local oscillator stability to much higher σ y values. Reaching the thermal-noise limit at the 10 −16 level may require a complicated setup and considerable table space to isolate the reference cavity from environmental effects [15] , which could be incompatible with the goal of transportable or space-based optical clocks [16] . These considerations have led us to develop a high-stability, compact clock laser for the strontium clock transition.
In this paper we describe in detail the clock laser source that we are developing as part of a compact optical frequency standard based on neutral strontium atoms [7] . Its main feature is its ultra-high-finesse, vibration-insensitive design, and rigid optical cavity used as the short-term frequency reference. Our clock laser setup is one of the first to employ a rigid Fabry-Pérot resonator with ULE spacer for thermal stability and high-reflectivity fused silica mirrors for low thermal noise, with a best expected instability value σ y = 3.8 × 10 −16 [17] . Other compact interrogation lasers have also been realized for strontium optical clock spectroscopy [18, 19] . This paper is organized as follows: in Sect. 2 we present the setup of the clock laser system, in Sect. 3 we describe the ultra-high-finesse cavities for stabilization of the clock laser at 698 nm, and in Sect. 4 we show and discuss the characterization measurements of the clock laser system. Finally, we show in the last Sect. 5 the results of spectroscopy of 1 S 0 -3 P 0 clock transition with 88 Sr and we present the achieved frequency instability of the active optical fiber link.
Frequency-stabilized diode laser system setup
The clock laser used to probe the 1 S 0 -3 P 0 strontium clock transition is a frequency-stabilized diode laser at 698 nm.
A schematic diagram of the system is shown in Fig. 1 . The whole system is housed in a clean room (class 10 000 ÷ 1 000) hundreds of meters away from the atomic reference laboratory. The clock laser is frequency shifted and independently locked to two ultra-high-finesse cavities for frequency stabilization and system characterization, while an injection-locked slave diode amplifies the delivered power for optical frequency dissemination.
The optical system is partially insulated from seismic, acoustic and sub-acoustic disturbances. The optical table is supported by four pneumatic isolator legs. This system decouples floor seismic motions from the laser system, providing a −40 dB/decade vibration damping up to 30 Hz. A wooden panel above the table and a heavy-rubber curtain surrounding it block the direct clean room laminar air-flow and attenuate the acoustic noise from the rest of the laboratory.
The master laser is a commercial diode laser (Hitachi HL6738MG, non AR-coated) mounted in an extended cavity (Littrow configuration) with a length of 30 mm. The diode operates around 40°C and delivers about 10 mW of optical power at 83 mA driving current. The free running ECDL exhibits a frequency noise spectral density S ν (f ) 4.6 × 10 8 /f (Hz 2 /Hz) up to few MHz until it reaches its white noise plateau at 10 3 (Hz 2 /Hz) [20, 21] .
We reduce the laser linewidth by Pound-Drever-Hall (PDH) frequency stabilization to optical cavities [22] . The problem of direct stabilization of our free running laser to an ultra-high-finesse cavity has been studied by following the analysis done in [23] . If one considers a high-finesse Fabry-Pérot cavity with 3.7 kHz resonance linewidth, we expect that the laser frequency noise below 750 Hz yields large phase-modulation depths which lead to poor power coupling, while non linear response occurs on the PDH error
